New CCD photometric observations of UZ Leo were obtained between February 2012 and April 2013, and on February 2017. Its physical properties were derived from detailed analyses of our light curves and existing radial velocities. The results indicate that this system is a totally-eclipsing A-subtype overcontact binary with both a high fillout factor of 76 % and a third light source contributing 12 % light in the B bandpass, 10 % in V , and 7 % in R. The light residuals between observations and theoretical models are satisfactorily fitted by adopting a magnetic cool spot on the more massive primary star. Including our 12 measurements, a total of 172 eclipse times were used for ephemeris computations. We found that the orbital period of UZ Leo has varied due to a periodic oscillation superposed on an upward parabolic variation. The observed period increase at a rate of +3.49×10 −7 d yr −1 can be plausibly explained by some combination of non-conservative mass transfer from the secondary to the primary component and angular momentum loss due to magnetic braking. The period and semi-amplitude of the oscillation are about 139 yrs and 0.0225 d, respectively, which is interpreted as a light-time effect due to a third component with a mass of M 3 sin i 3 = 0.30 M ⊙ . Because the third lights of 7−12 % indicate that the circumbinary object is very overluminous for its mass, it would possibly match a white dwarf, rather than an M-type main sequence.
INTRODUCTION
W UMa-type eclipsing binaries consist of two dwarf stars that contact each other physically and are surrounded by a common envelope. They have spectral types ranging from late-A to mid-K and are located near or just above the main sequence (Bilir et al. 2005) . The light curves show continuous brightness variations over time and nearly equal eclipse depths, indicating that the effective temperatures of both components are very similar. W UMa contact binaries are divided into two subclasses of A and W on the basis of their light curves (Binnendijk 1970) . When the larger and more massive component is eclipsed by its less massive companion during the primary minimum, it is called A-subtype. On the contrary, when the smaller and less massive component is eclipsed at the primary minimum, it is called W-subtype. The formation and evolution of these binary systems require a considerable variety of astrophysical processes, but a satisfactory theory for them has not been suggested to date (Li et al. 2008; Eggleton 2012) .
It is thought that most W UMa stars were formed from detached binaries through orbital decay due to angular momentum loss (AML) and ultimately coalesced into single stars (Bradstreet & Guinan 1994; Eggleton & Kiseleva-Eggleton 2002) . This process could only have happened if they were very close binaries to start with and the orbital angular momentum was tidally coupled to the spin angular momentum. For the spin-orbit coupling to work efficiently, the initial orbital periods should be several days (Bradstreet & Guinan 1994; Pribulla & Rucinski 2006) . A circumbinary object may play an important role in the formation of an initial tidal-locked detached binary by transferring angular momentum via the combined action of Kozai cycle (Kozai 1962 ) and tidal friction (Fabrycky & Tremaine 2007) . Tokovinin et al. (2006) found that almost all close binaries with periods shorter than 3 d exist in multiple systems. The statistical study of Pribulla & Rucinski (2006) indicated that a large proportion of the W UMa systems have circumbinary companions, which are necessary for the origin and evolutionary processes of contact binaries. The presence of a third companion can be inferred from the analyses of both light curves and eclipse timings.
UZ Leo (BD + 14 o 2280, HIP 52249, TYC 845-995-1; V T =+9.80, (B − V ) T =+0.41) is an Asubtype W UMa eclipsing binary with an orbital period of about 0.6180 d. It was discovered as a cluster-type variable by Kaho (1937) , and it was then considered as an RR Lyr-type star by many other investigators (e.g., Ashbrook 1949; Kühn 1951) . The correct W UMa type of the variable was identified by the photoelectric observations of Smith (1954 Smith ( , 1959 . The full light curves of UZ Leo were obtained by Binnendijk (1972) , Hegedüs & Jäger (1992) , and Zola et al. (2010) . Rucinski & Lu (1999;  hereafter RL) presented double-line radial-velocity (RV) curves with semi-amplitudes of K 1 = 76.8 km s −1 and K 2 = 262.9 km s −1 , and classified the spectral type of this star to be A9−F1V. Most recently, Zola et al. (2010) analyzed their BV R light curves and determined the absolute dimensions from the photometric parameters and the spectroscopic orbit of RL. These indicate that UZ Leo is an overcontact binary with an orbital inclination of i = 86 • .6, a temperature difference of ∆T = 150 K, a fill-out factor of f = 97 %, and third lights of ℓ 3 = 10−14 % in three bandpasses. On the other hand, the orbital period of the eclipsing system has been studied by Hegedüs & Jäger (1992) and Zola et al. (2010) , who showed that the period is increasing. They reported that the eclipse timing variation may be the result of mass transfer from the less massive secondary to the more massive primary component. The latter authors also suggested that the secular period increase could be a small part of a larger, cyclic curve caused by the presence of a third body orbiting the binary system. In the remainder of this paper, we present and discuss the physical nature and orbital behavior of UZ Leo based on detailed studies of our new CCD observations as well as historical data.
CCD PHOTOMETRIC OBSERVATIONS
We performed new CCD photometry of UZ Leo during two observing seasons between February 2012 and April 2013, using a PIXIS: 2048B CCD and a BV R filter set attached to the 61-cm reflector at Sobaeksan Optical Astronomy Observatory (SOAO) in Korea. The CCD chip has 2048×2048 pixels and a pixel size of 13.5 µm, so the field of view of a CCD frame is 17 ′ .6×17 ′ .6. With the conventional IRAF package, we processed the CCD frames to correct for bias level and pixelto-pixel inhomogeneity of quantum efficiency, and applied simple aperture photometry to obtain instrumental magnitudes for tens of stars imaged on the chip at the same time as the variable. TYC 845-996-1 (GSC 0845-0996; V T =+12.68, (B − V ) T =+0.81) was used as a comparison star, and no brightness variation of it was detected against measurements of the other stars monitored during our observing runs.
From the time-series photometry, we obtained 3733, 3722, and 3686 individual points in the B, V , and R bandpasses, respectively, and a sample of them is presented in Table 1 . The naturalsystem light curves of UZ Leo are plotted in Figure 1 as differential magnitudes versus orbital phases, which were computed according to the ephemeris for our spot model, which is described in section 4. The open circles and plus symbols represent the individual measurements of the 2012 and 2013 seasons, respectively. In addition to these complete light curves, two primary eclipses were observed on February 2017 using a FLI 4K CCD and a R filter attached to the same telescope. TYC 845-996-1 also served as a comparison star for these data collections.
ECLIPSE TIMING VARIATIONS
From all SOAO observations, 12 new eclipse times and their errors were determined with the weighted means for the timings obtained in each filter by using the method of Kwee & van Woerden (1956) . In addition, we derived two minimum epochs from the data of Zola et al. (2006) . A total of 172 archival timings (51 visual, 16 photographic plate, 33 photoelectric, and 72 CCD) were collected from the literature and from our measurements. Most of the earlier timings were extracted from the data base published by Kreiner et al. (2001) . All photoelectric and CCD timings are listed in Table  2 , where the second column gives the error of each minimum determination. For the period study of UZ Leo, we computed the 1σ-values of the scatter bands of the timing residuals to provide mean errors for the observational methods as follows: ±0.022 d for visual, ±0.0091 d for photographic, ±0.0027 d for photoelectric, and ±0.0012 d for CCD minima. Relative weights were then scaled from the inverse squares of these values.
As mentioned in the Introduction, previous researchers (Hegedüs & Jäger 1992; Zola et al. 2010) reported that the orbital period change of UZ Leo can be represented by a parabola caused by a mass transfer between the components. As an alternative, Zola et al. (2010) suggested that the parabolic variation may be only a part of a period modulation due to the presence of a circumbinary companion on a wide orbit. After testing possible ephemeris models, we knew that the eclipse timings would be best described by a sinusoidal variation superposed on an upward parabola, rather than by a monotonic way. The sinusoidal term was tentatively considered as a light-travel-time (LTT) effect. As a result, the timing residuals were finally fitted to the following quadratic plus LTT ephemeris (e.g., Lee et al. 2015a,b) :
where τ 3 is the LTT due to a third object orbiting the eclipsing binary (Irwin 1952 (Irwin , 1959 , and it includes five parameters (a b sin i 3 , e b , ω b , n b , and T b ).
The Levenberg-Marquart technique (Press et al. 1992 ) was applied to solve for the eight parameters of equation (1), and the results are summarized in Table 3 . In this table, P b and K b denote the cycle length and semi-amplitude of the LTT orbit, respectively. The absolute dimensions presented in the following section have been used for these and subsequent calculations. The eclipse timing diagram of UZ Leo is plotted in the top panel of Figure 2 , where the solid curve and the dashed parabola represent the full contribution and the quadratic term, respectively. The middle panel refers to the LTT orbit, and the bottom panel shows the photoelectric and CCD residuals from the full ephemeris. These appear as O-C full in the fourth column of Table 2 . The quadratic plus LTT ephemeris resulted in a smaller reduced χ 2 red =1.075 than either a parabola (χ 2 red = 1.214) or a single LTT (χ 2 red = 1.118). As seen in Figure 2 , our ephemeris model gives a satisfactory fit to the timing residuals. The mass function of the tertiary companion becomes f 3 (M ) = 0.0032 M ⊙ , and its projected mass is M 3 sin i 3 = 0.30 M ⊙ .
LIGHT-CURVE SYNTHESIS AND ABSOLUTE DIMENSIONS
Like historical data, our observations presented in Figure 1 display a typical light curve of a contact binary and a flat bottom at the secondary minimum. These indicate that the smaller and cooler secondary component is totally occulted by the primary component and that UZ Leo belongs to the A-subtype of W UMa-type stars. To obtain a consistent set of binary parameters, we analyzed the SOAO light curves with the RV measures of RL by using contact mode 3 of the Wilson-Devinney synthesis code (Wilson & Devinney 1971; van Hamme & Wilson 2007; hereafter W-D) . In this article, the subscripts 1 and 2 refer to the primary and secondary components being eclipsed at orbital phases 0.0 (Min I) and 0.5 (Min II), respectively.
The light and RV curves of UZ Leo were modeled in a manner analogous to that for the contact binaries V407 Peg (Lee et al. 2014 ) and DK Cyg (Lee et al. 2015b ). The surface temperature of the primary star was set to be T 1 = 6,980±250 K, according to the spectral type A9−F1V classified by RL and Harmanec's (1988) 1,2 , Ω 1 , and L 1 ) were adopted from Zola et al. (2010) . Adjustable parameters were the orbital ephemeris (T 0 and P ), the system velocity (γ), the semimajor axis (a), the mass ratio (q), the orbital inclination (i), the temperature (T 2 ) of the secondary star, the dimensionless surface potentials (Ω 1 = Ω 2 ), the monochromatic luminosity (L 1 ), and the third light (ℓ 3 ).
Although the simultaneous analysis of light and RV curves is possible, it is hard to allocate appropriate weights to them if there is starspot variability with time and the light curves are not made contemporaneously with the RVs. Thus, we satisfactorily analyzed different types of observations through two steps. First, the SOAO light curves alone were modeled with a spectroscopic mass ratio. Then, the RV curves of RL were solved using the photometric parameters obtained in the first step. This process was iterated until the results for the two data sets were consistent with each other. The unspotted solution is listed in the second and third columns of Table 4 and appears as the dashed curves in Figure 3 . The residuals from the analysis were computed to see the details of unmodeled lights, and they are shown in the left panels of Figure 4 , where they display quasi-periodic variation patterns. This feature could be attributed to the spot activity on the stellar photosphere.
To explain the residual light discrepancy from the unspotted model, we reanalyzed the light and RV curves by adding a starspot on the more massive primary component (Mullan 1975) . Although the short-and long-term light variations of many W UMa stars may be caused by the changes in the spot parameters with time (e.g., Lee et al. 2010 ), the differences between the two seasonal light curves of UZ Leo are insignificant. Thus, we simultaneously modeled all SOAO data as before. The best result for this model is given in columns (4)−(5) of Table 4 together with the spot parameters. The synthetic light curves are plotted as the solid curves in Figure 3 , and the synthetic RV curves are plotted in Figure 5 . The residuals from the cool-spot model are plotted in the right panels of Figure 4 . From these figures, we can see that the single spot model is sufficient to fit the quasi-sinusoidal light variations. Our light-curve synthesis indicates that UZ Leo is a totally-eclipsing A-subtype overcontact binary with both a high filling factor of about 76 % and a temperature difference of 208 K between the components, and that ℓ 3 contributes 7−12 % light in all bandpasses.
Our light-curve synthesis provided a good fit to the light and RV curves, and allowed us to compute the fundamental parameters of UZ Leo listed in Table 5 . The luminosity (L) and bolometric magnitudes (M bol ) were computed by adopting T eff ⊙ = 5,780 K and M bol⊙ = +4.73. The bolometric corrections (BCs) were taken from the correlation between log T eff and BC recalculated by Torres (2010) . With an apparent visual magnitude of V = +9.75 at maximum light (Deb & Singh 2011) , our computed light ratio, and the interstellar absorption of A V =0.10 (Schlafly & Finkbeiner 2011), we determined the distance of the system to be 388 ± 29 pc. This is too large compared with the value 150±30 pc taken by trigonometric parallax (6.65±1.34 mas) from the Hipparcos and Tycho Catalogues (ESA 1997), while it is consistent with 452±115 pc computed from Gaia DR1 (2.21±0.56 mas; Gaia Collaboration et al. 2016) within their errors.
DISCUSSION AND CONCLUSIONS
In this article, we presented and analyzed new CCD observations of UZ Leo, together with historical data collected from the literature. The light curves display a total eclipse at secondary minimum and a quasi-sinusoidal light variation, which are modeled by using a cool-spot model on the primary component and considering a third light (ℓ 3 ) to the system. Because UZ Leo should be a fast-rotating binary with a common convective envelope, it is reasonable to regard the starspot as a result of magnetic dynamo-related activity. From the combined light and RV solution, we found that the absolute dimensions of both components are M 1 = 2.01 M ⊙ , M 2 = 0.62 M ⊙ , R 1 = 2.23 R ⊙ , and R 2 = 1.40 R ⊙ , L 1 = 10.6 L ⊙ , and L 2 = 3.68 L ⊙ . A comparison of the UZ Leo parameters with the mass-radius, mass-luminosity, and Hertzsprung-Russell (HR) diagrams (Lee et al. 2014) shows that the hotter and more massive primary lies in the main-sequence band, and the low-mass secondary is oversized and overluminous for its present mass. This indicates that a large amount of energy might be transferred from the primary component to the less massive secondary (Lucy 1968; Li et al. 2008 ).
The orbital period of UZ Leo is thought to have changed by a combination of an upward parabola and a periodic variation with a cycle length of 139 yr and a semi-amplitude of 0.0225 d. The positive coefficient of the quadratic term (A) in Table 3 indicates a continuous period increase with a rate of P/dt = +3.49 × 10 −7 d yr −1 . Because UZ Leo is a W UMa-type overcontact binary system, the parabolic change can be produced by a mass transfer from the secondary component to its more massive primary. Under the assumption of conservative mass transfer, we obtained a modest rate of 1.69×10 −7 M ⊙ yr −1 . If the secondary star transfers its present mass to the primary component on a thermal time scale τ th = (GM 2 2 )/(R 2 L 2 ) = 2.33×10 6 yr, the predicted rate is M 2 /τ th = 2.66×10 −7 M ⊙ yr −1 . This value becomes about 160 % of the observed rate deduced from our timing analysis, which indicates that the mass-transfer process in the binary is not conservative. Thus, the possible explanation of the parabolic term may be some combination of non-conservative mass transfer and AML due to magnetic stellar wind braking.
The periodic component in the eclipse timing variation could be explained as the LTT effect driven by a circumbinary object in this system. If a third companion is on the main sequence and its orbit is coplanar with the eclipsing binary (i 3 ≃ 87 • ), the mass and radius of this object are computed to be M 3 = 0.30 M ⊙ and R 3 =0.31 R ⊙ , respectively, following the empirical mass-radius relation of Southworth (2009). Because these values correspond to a low-mass M-type dwarf, the tertiary body would contribute about 1 % to the total light of the triple system. However, our light-curve solution reveals ℓ 3 to contribute 12 % light in the B bandpass, 10 % in V , and 7 % in R. Assuming that the third lights come from the circumbinary object, its color index can be estimated to be (B − V ) 3 ≃ +0.07 (Borkovits et al. 2002) , which corresponds to a spectral type of about A2. Hence, if it really exists, the circumbinary object has to be very overluminous for its mass, which may be a white dwarf. Alternatively, the period modulation could be produced by a magnetic activity cycle of a solar-type component (Applegate 1992; Lanza et al. 1998 ). However, this mechanism displays quasi-sinusoidal timing variations for systems with spectra later than F5 (Hall 1989 , Liao & Qian 2010 , unlike our program target UZ Leo. Further, it is not easy for the Applegate model to produce a perfectly smooth timing variation. Accordingly, the periodic oscillation most likely arises from the LTT effect due to a third companion. The circumbinary object is the main source of the third lights detected in our light curves and provides a significant clue to the formation and evolution of the eclipsing pair. A large number of future accurate timings are needed to identify the presence of the supposed third component and to reveal more detailed properties of the stellar system. Table 3 . In the top panel, the solid and dashed curves represent the full contribution and the quadratic term of equation (1), respectively. The middle panel refers to the LTT orbit (τ 3 ), and the bottom panel shows the photoelectric and CCD residuals from the complete ephemeris. CC, PE, PG, and VI denote CCD, photoelectric, photographic, and visual minimum epochs, respectively. Table 4 : without (left panels) and with (right panels) the inclusion of a cool spot on the primary component. 
